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ABSTRACT
WereportChandraACIS-S3x-rayimagingandspectroscopyoftheRAquariib i-
narysystemthatshowaspatiallyresolvedtwo-sidedjetandanunresolvedcentr al
source.Thisisthefirstpublishedreportofsuchanx-rayjetseeninanevolved
stellarsystemcomprisedof~2-3M (alsoseeKelloggetal2000).AtE<1
keV,thex-rayjetextendsbothtothenortheastandsouthwestrelativetothecen-
tralbinarysystem.At1<E<7.1keV,RAqrisapoint-likesourcecenteredon
thestarsystem.Whileboth3.5-cmradiocontinuumemissionandx-rayemission
appearcoincidentinprojectionandhavemaximumintensitiesat~7.5"NEofthe
centralbinarysystem,thenextstrongestx-raycomponentislocated~30"SWof
thecentralbinarysystemandhasnoradiocontinuumcounterpart.Thex-rayjets
arelikelyshockheatedintherecentpast,andarenotinthermalequilibrium.The
strongestSWx-rayjetcomponentmayhavebeenshockedrecentlysincethere is
norelicradioemissionasexpectedfromanoldershock.Atthepositionofthe
centralbinary,wedetectx-rayemissionbelow1.6keVconsistentwithblackbody
emissionatT~2×10 6 K.Thereisalsoaprominent6.4keVfeature,apossible
fluorescenceorcollisionallyexcitedFeK αlinefromanaccretiondiskorfrom
thewindofthegiantstar.Forthisexcitationtooccur,theremustbeanunseen
hardsourceofx-raysorparticlesintheimmediatevicinityofthehotstar.Suc ha
sourcewouldbehiddenfromviewbythesurroundingedge-onaccretiondisk.
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Subjectheadings :stars:individual(RAquarii)---binaries:symbiotic---circum-
stellarmatter---stars:whitedwarfs---stars:winds,outflows ---radiocontinuum:
stars---x-rays:general
5
1.INTRODUCTION
RAqrisasymbioticstellarsystem:amasslosing~1-2M

Mira-likelongperiod
variable(LPV)witha387dayperiodanda~1M

hotcompanionwithmanyof
itsfeaturesexplainedbyanaccretiondiskmodel.Thecompanionisbelievedto
giverisetothenon-relativisticjetseenatUV,optical,andradiowavelengths .
SincenoUVcontinuumisobserved,theaccretiondiskisbelievedtobeedge-on
(Kafatos,Michalitsianos,&Hollis1986).Thebinarysystemorbithasbeenchar-
acterizedashighlyinclinedtothelineofsight(i~70 o)withlargeeccentricity( ε
~0.8),asemi-majoraxisof~2.6x10 14cm,anorbitalperiodof~44yr,andata
distanceof200pc(seeHollis,Pedelty,&Lyon1997,andreferencestherein).
Hence,thenortheast(NE)-southwest(SW)orientedjetisprobablyrefueled epi-
sodicallywithincreasedactivityatperiastronsincethehotcompanionpasses
throughtheLPV’souterenvelope.Itisfurtherpositedthatthebinarysystemw as
atapastroncirca1996(Hollisetal1997a),soneitherstarshouldinfluencethe
otherformanyyearsnearthisepoch.
Fromtheearly1980stothepresentepoch,thedominantNEradiojethasunder-
goneNEmotionoutwardfromthecentralHIIregionandcounterclockwiserota-
tioni.e.precessionaboutthecentralHIIregion(Hollis,Pedelty,&Kafatos
1997b).UV,optical,andradioobservationsoftheNEjetaredescribedasresult-
ingfromshockexcitation(e.g.,Hollisetal.1991;Hollis,Dorband,&Yusef-
Zadeh1992;Hollisetal1997b)asthejetmotionimpactstheconsiderablecir-
cumstellarmaterialfromLPVmassloss.Forexample,thethermal
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bremsstrahlungradiationseenintheradioregimeissuggestedasarelic ofapass-
ingshockfront.ShockmodelingoftheRAqrNEradioandUVjetssuggeststhat
temperaturesshouldbeontheorderofthatrequiredforx-rayemission(Holliset
al1997b).TheRAqrsystemwasfirstreportedasanunresolvedEinsteinx-ray
sourcebyJura&Helfand(1984).ItwaslaterobservedwithEXOSAT(Viott iet
al.1987)andROSAT(Hünschetal1998),soweplannedaChandraobservation
todeterminethespatialandspectralstructureandnatureoftheRAqrx-rayem is-
sion.
2.OBSERVATIONSANDRESULTS
2.1.ChandraImageryandSpectra
ChandraobservedRAqrfor24.5kson2000September10(JD2451797.7start
time)withtheAdvancedCCDImagingSpectrometer(ACIS)-S3back-ill uminated
chip,whichrecordsphotonenergyforimagingandspectroscopy.TheACIS-S3
pixelsizeis0.492"(CXC2000).TheChandraACIS-S3on-axispoint-spread
functioninthe0.3to1.0keVrangehas50%and80%encircledenergyradiiof
~0.418"and~0.685",respectively(CXC2000).Aspatialimagewasconstructed
fromthestandardpipelineprocesseddata.X-rayeventswereextractedfr oma
0.38arcmin 2region(5668pixels)encompassingthejetsandcentralsource,
yielding1540totalcountsin22,717s,or0.068countss -1.
Figure1isacontourimageofsmoothedChandradatashowingaresolvedNEjet,
anunresolvedcentralsource,andaresolvedmulti-componentSWjet.TheFigure
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1imagewasshiftedinpositionby~0.4"inrightascensionand~0.6"indeclina-
tiontoalignthepeaksoftheunresolvedsourceinthex-rayandradioimages(see
§2.2below).TheChandraabsolutepositionuncertaintyhasa1- σerrorcirclera-
diusof0.6"(CXC2000)whiletheradiopositionsareaccurateto0.1",onetenth
oftherestoringbeamsize.
SpectraoftheNEjet,thecentralsource,andtheSWjetwereextractedusin g
CIAOChandraanalysisroutinesandXSPEC(Arnaud1996).Figure2showsthe
extractionregions,spectraandfits.Inspiteofsmallnumbersofcounts,thespec-
trarequiredcomplexmodelsforreasonablefits.Anonequilibriumcollisionalex-
citationmodelwasusedforthejets(Borkowskietal2001)withAnders&
Grevesse(1989)(hereafterAG)initialabundances,withvaryingabundancesfor
theSWjet(seeTable1).Datawerebinnedinto15countsch -1 fortheNEand
SWjetsand114eVchannelsforthecentralregion.Wefittedtheinterstellarco l-
umndensity(theXSPECWABSmodel).Resultswereconsistentwithradioob-
servationsof1.84×10 20 cm -2 (Starketal1992).TheNEjetshowstwopeaks,at
~400and550eV,andhasfewcountsabove1keV.TheRaymond&Smith
(1977)modelgaveatemperatureinthe2×10 6 Krangewith<1%confidence.It
gaveonlyapeakattheOVIIlinecomplex,~570eV,increasingonlyto6%con-
fidencewithvariableabundances(thecalculatedNpeakinthatcasewastoo
broadtofitthedatawell,duetoacomplexoflinespresentinthemodel).There-
fore,weusedtheNEIcollisionalexcitationXSPECmodel(Borkowskietal
2001).Thisgaveanacceptablefit,includingasecondpeakat~430eV.TheSW
jetspectrumhasonlyonepeakat~550eV.ARaymond-Smithfitgaveacalcu-
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latedpeakatahigherenergythanobservedandonly7%confidence,notim-
provedbyvaryingtheabundancesfromtheAGvalues.TheXSPECmekalmod-
elsgavesimilarresults.AgoodfitwasobtainedusingtheNEImodelonlywi th
relativeOabundances ≥20.AtrelativeOabundances<20,thecalculatedOpeak
wasatahigherenergythanthedatapeak.Morecomplexcollisionalexcitation
modelshavingmorefreeparametersdidnotimprovethefit.
InFigure2,wealsoshowafittoablackbodyforthecentralsourceatlowener-
gies,andninegaussiansatexpectedKlineenergiesofFeandthelightere venZ
elements,downto1.6keV,wheretheblackbodymodeldominates.Wequotethe
blackbodyfitparametersinTable1,althoughwecouldnotrejectequilibriumop-
ticallythinhotgasmodelsatthe50%confidencelevel.Thehardcentralsource
showsafeaturecontaining16countswithafluxof4.9 ± 1.7×10 -14 ergscm -2s -
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at6.41 ±  0.04keV.ThiscouldbeFeI(i.e.,K α),oruptoFeIV,basedonthe
calculationstabulatedinKaastraandMewe(1993),oruptoFeXbasedonthe
measurementsofDecauxetal(1997).Atverylowstatisticalsignifican ce,there
arealsosuggestionsofemissionfromFeK β at7.1keV,3counts,andemission
fromK αlinesofCa,V,andCr:7countsat3.7,6countsat5.0,and4countsat
5.4keV,respectively.Theexpectednumberofbackgroundcountsineachchan-
nelisafew×10 -2;thereareessentially no backgroundcountsinthisenergy
range.Thiswascheckedbydisplacingthecentralsourceregionabout1 ″;itcon-
tainednocounts.Ourdataareverylikelyrealx-rayemissioneventsfromthece n-
tralsource.
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Weobservedafluxof1.0 ± 0.2×10 -13 ergcm -2 s -1 atE<2keVfromRAqr.
Hünschetal(1998)observed5 × greaterfluxinthatenergyrangeduringthe
ROSATallskysurvey,epoch1990-1991.Wealsoobservedanadditional1.0 ±
0.25×10 -13 ergcm -2 s -1 atE>2keV,notvisibletoROSAT.Viottietal(1987)in-
ferred~2×10 -11 ergcm -2 s -1 byestimatingthespectrumofthesource.Theyalso
interpretedtheEinsteinreportasanupperlimitthatcorrespondsto~2.5×10 -13
ergcm -2 s -1.WeconcludethatRAqrisseveraltimesfainterinourdatathanit
wasinthe1980sandearly1990s.
2.2.VLAImagery
RAqrwasobservedon1999November1,4,and7withtheNRAO 1 VeryLarge
ArrayintheBconfiguration.Twosetsofreceiverswerecombinedtoobservea
100MHzbandcenteredatafrequencyof8460.1MHz(~3.5cmwavelength).A
totalof~2millionvisibilitieswereaccumulatedin~8hoursofon-sourceinteg ra-
tion.AIPSsoftwarewasusedforstandardcalibrationandimaging.Theresulti ng
uniformlyweightedimageisthermalnoiselimited(1 σnoiselevelof8 µJy)and
hasarestoringbeamof1.00"by0.69"withamajor-axispositionangleof-3.9 o.
TheNEradiojetisshownascontoursinFigure3overlaidonacolorimageofthe
NEx-rayjet,andbothjetsareseeninprojectiontobespatiallycoincident.
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TheNationalRadioAstronomyObservatoryisoperat edbyAssociatedUniversities,Inc.,under
cooperativeagreementwiththeNationalScienceFou ndation.
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3.DISCUSSION
TheRAqrsymbioticstarsystemisstrikinglydifferentatE<1keVthanfrom 1-7
keV.Atthelowerenergy,thejetsdominate.Above1keV,RAqrlookspoint-like
attheChandraresolution,centeredonthestarsystem.Thex-rayjetsareanother
manifestationofdirectedflowseenintheradio,optical,andUV.Thisissolid
evidenceforcylindricalaccretiongeometry,i.e.adisk.HollisandKoupelis
(2000)developedaparcelejectionmodelfortheRAqrjetemittedalongtherota-
tionaxisofthemassiverotatingstar-accretiondisksystemthatanchorsa mag-
neticfield.Anaturalextensionofthemodelsuggeststhatthex-rayemission
fromthejetcouldbetheresultofshockemissionasthejetparcelplowsintothe
ambientcircumstellarmedium.Thepreservationofawell-defineddirection for
thejets,withevidenceforprecession,arguesagainstsimplesphericalac cretion.
InFigure1,thestrongestparcelintheSWjetseemstohavecontourcompression
onitsSWedgeaswouldresultfromSWdirectedmotion.TheNEjetcomponent
hascontourcompressiononitseasternedgethatmaybeduetocounterclockwise
motionaboutthecentralsourcereportedpreviouslyfortheNEradiojet(Holliset
al1997b).InFigure3,theNEx-rayjetasseeninprojectionliesalongthesame
trajectoryastheNEradiojet,supportingacounterclockwiserotationscenar iofor
theNEx-rayjet.The430eVpeakintheNEjetandtheneedfortheNEImodelto
fitthespectrumsuggeststhatthisfeaturewasformedrecently,withapr oductof
ageandambientdensityof4.3×10 8 scm -3.Ifn~1cm -3 asforthetypicalinter-
stellarmedium,theageis~15years.Thisiscomparabletotheobservedtimes cale
forchangesintheradioemission,andinx-ray,asinferredfromcomparingour
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datawiththeearlierx-raysatelliteobservations.Forgreaterdensity,a smightbe
expectedneartheRAqrMira,theagemaybeless.TheSWx-rayjetis~30"fr om
thecentralsourcecomparedwith~7.5"fortheNEjet,suggestingthatitwas
ejectedearlier.Ithasadifferentspectrum,withnoNpeak.Wecouldonlyfita
modelwithaveryhighOabundance.EitherthereisavelocityshiftintheOpeak,
orthereisadifferentmixoftheOVIIlinesat0.569,0.574and0.666keVthan
ourmodelscanreproduce.Thederivedvalueoftheionizationtimescaleisabout
halfthatoftheNEjet,sogiventheexpectedvariationinISMdensity,thetime
sinceheatingmaybeaboutthesame.However,iftheSWjetwasshockedfurthe r
inthepast,weshouldexpecttoseerelicradioemissionasintheNEjetthatisnot
detected.TheshocktemperaturesfromthetwoNEIfitstothejetsseemdispa rate,
butonlydifferby~1.5 σ, sothedifferenceisnotverysignificant . Thecentralx-
raysourcehasacounterpartin3.5-cmradiocontinuum(c.f.Figure3).Theradio
emissionisathermalHIIregionat~10 4Kwhilethecentralx-raysourcelowen-
ergyspectruminFigure2fitsindicatesatemperatureoforder10 6 K.Perhapsthe
x-rayemittingvolumeisinteriortotheHIIregion,associatedwithahighene rgy
densityregionatthehotstar/accretiondisk.TheneutralorlightlyionizedFea t
6.4keV,withoutstrongassociatedcontinuumisevidenceforrelativelycooler
materialexcitedbyanunseensourceofhardphotonsorchargedparticles.Such
emissioncouldbereflectingfromthesurfaceoftheedge-onaccretiondisk( e.g.,
Frank,King,&Raine1992,p.203),ordirectlyexcitingtherelativelycoolmate-
rialattheboundaryofasurroundingStromgrensurface.
IV.SUMMARY
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Wehaveimagedatwo-sidedx-rayjetanddetectedanunresolvedcentralx-ray
sourceintheRAqrbinarysystemwithChandraACIS-S3.Non-equilibriumcol-
lisionalionizationmodelswereappliedtothejets.Bothjetshaveionizationtime-
scalesof~10 8 scm -3,correspondingtoagesoforder10yorless.A6.4keVfea-
tureinthecentralsourcemustbeade-excitationlineofrelativelycoolga s,evi-
denceofanunseenhardsourcenearthehotstar,hiddenfromviewowingtothe
surroundingedge-onaccretiondisk.ComparisonoftheNEx-rayjetandcentral
x-raysourcewith3.5-cmradiocontinuumVLAimageryatthesameresolution
suggeststhatthex-rayjetmaybeahightemperature,lowdensityregionass oci-
atedwithcoolerpost-shockUVandradioemittingregions.Aftermorethanone
hundredyearsofintensestudy,RAqrisstillrevealingnewandfascinatingf ea-
tures.
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Table1.Spectralfitparameters 2
Jets:Non-equilibriumionizationmodelwithinterstellarabsorption
Quantity NEJet SWJet
Countsinspectrum,E>0.3keV  396 196
Cabundance(FractionofAG)  1.0(fixed) ≤ 0.5
Nabundance(FractionofAG)  1.0(fixed) 0.(fixed)
Oabundance(FractionofAG)  1.0(fixed) 20(fixed)
nH( 1020 cm-2) ≤ 5.4 ± 1.5 ≤ 10
kT(keV)  1.66 ± 0.99 0.20 ± 0.06
T(K)  19.3 ± 11.5 2.3 ± 0.7
τ, ionizationtimescale(scm -3) 4.3 ± 0.3×10 8  1.9 ± 0.5×10 8
Normalization(10 -5 phcm -2s-1 keV -1) 4.0 ± 1.0×10 -5  1.5(0.8-7.1)×10 -4
Observedflux(10 -14 ergscm -2 s -1) 7.1 ± 1.8 2.6(1.4-12.3)
Sourceflux(n H =0,10 -14ergscm -2 s -1) 18.9±4.7 3.1(1.7-14.7)
Reduced χ2  1.04 1.19
Confidence(%) 3  41 31
Centersoftsource:Blackbodywithinterstellarabsorption
Quantity CenterSource
Countsinspectrum,E>0.3keV  108
nH (1020 cm-2) ≤ 6.2
kT(keV)  0.18 ± 0.02
T(10 6K) 2.09 ± 0.23
Normalization(10 -5 phcm -2 s -1 keV-1) 0.009 ± 0.005
ObservedFlux(10 -14 ergscm -2 s -1,0.3-2.0keV)  0.68 ± 0.38
SourceFlux,n H =0(10 -14 ergscm -2 s -1,0.3-2.0keV)  0.68 ± 0.38
Reduced χ2  0.55
Confidence(%)  84

2
 Allerrorsare  1 σ.
3
XSPECnullhypothesisprobability.
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FIGURECAPTIONS
Fig.1.ContourmapoftheRAqr0.1-10keVx-rayimageshowingtheNEjet,
centralsource,andSWjet.TheoriginalACISimagehasbeenconvolvedwitha
1"FWHMcirculargaussiantofacilitatesmoothcontours.Thepeakphotoncount
inthisimageis194.4countsandthecontourlevelsare1.4,2.8,4.2,5.6,8.4,11.2,
16.8,22.4,33.6,44.8,89.6,and179.2counts.AtE>1keV,thejetsarenotvisible;
thedominantemissioncomesfromapoint-likesourceatthestarsystem.
Fig.2.RAqrx-rayspectrumextractionregionsandspectralfits.Theupperpanel
showstherawimagewithsourceandbackgroundspectralextractionregions;
NE2aand B1a fortheNEjet, cntr and B2aforthecentralsource,and SWaand
B2a fortheSWjet.TheplotsshowthespectraoftheNEjet,centralsource,and
SWjetwithbestfitmodels.TheNEjetdata,binnedto15countsperchannel,
haspeaksfromexpectedOVIIemissionat0.574keVandNVIat0.43keV.The
histogramfitisanon-equilibriumionizationmodelwithinterstellarabsor ption.
Thecentralsourcedata,binnedin114eVwidthchannels,ismodeledbyablack-
body,aFeK αlineat~6.4keV,K β at~7.0keVandotherdiscretebutweaklines
atKenergiesofCr,V,Ca,Ar,andS.TheFelinesuggestsahiddenhardsource
associatedwithanaccretiondisk.TheSWx-rayjetdata,binnedto15countsper
channel,hastheexpectedOVIIpeakat0.574keV.Thefitistoanon-equilibrium
ionizationmodelwithhighOabundance.(e.g.,seeTable4ofHollisetal1991).
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Fig.3-ColorrenderingoftheChandraACISimageoftheRAqrNEjetandcen-
tralHIIregionoverlaidwithacontourplotofthe3.5-cmradiocontinuumemis-
sion,observedtenmonthsearlier.Thecoordinatesystemisdefinedrelativet othe
peaksofthex-rayandradiocontinuumemission(assumedcoincident).Thex-ray
imagehasbeenconvolvedwitha1.00"×0.69"ellipticalgaussianthatisthesame
sizeastherestoringbeamoftheradioimage.Thepeakfluxis10.94mJybeam -1
andthecontourlevelsare0.02,0.04,0.06,0.08,0.12,0.16,0.24,0.32,0.48,0.64,
1.28,2.56,5.12,10.24mJybeam -1.
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